The synthesis of imidazole end-capped poly(n-butyl methacrylate)s via atom transfer radical polymerization (ATRP) is reported. n-Butyl methacrylate (n-BMA) was polymerized in isopropyl alcohol (IPA) at different temperatures via ATRP using a new N-heterocyclic functional initiator (1-α-bromoisobutylimidazole, BrBI) in the presence of CuBr/2,2'-bipyridine (bpy) as the catalyst. With this new initiating system, a successful ATRP of n-BMA was carried out, and imidazole endcapped polymers with predetermined molecular weights and low polydispersities (1.1<PDI<1.3) were obtained at low polymerization temperature (below 80 0 C). Furthermore, the dependence of both the rate of polymerization and PDI on temperature gave the optimal reaction temperature (50 0 C). However, at elevated temperature (especially above 80 0 C), some different phenomena appeared in the polymerization: the conversion of monomer remains constant after reaching a maximum value (20%-30%), and the higher the temperature, the lower the conversion obtained.
Introduction
One of the most successful polymerization techniques in the field of controlled/living radical polymerization is atom transfer radical polymerization (ATRP). ATRP allows the preparation of a wide range of polymeric materials with controlled molecular weights and well-defined architectures [1] [2] [3] . Due to its wide applications, intensive investigation of ATRP has been conducted by many research groups. Large effort has been directed toward the role and the selection criteria of each component of the polymerization mixture (monomer, initiator, transition metal, ligand, and solvent) [1, 4, 5] . Especially, because the initiator used in ATRP determines the end group of the polymers, researches about functional initiator have become more attractive.
So far, by using functional initiators in ATRP, functional groups such as vinyl, hydroxyl, epoxide and other groups have been incorporated at one chain end of polymers [6] , while the other chain end remains an alkyl halide. For example, Haddleton and coworkers [7, 8] described the successful use of both hydroxyl and cholesteryl functional alkyl bromide as the initiators for methacrylates. Arenesulfonyl halides are typically used in ATRP as initiators. And substituted arenesulfonyl halides [9] with a number of different functional groups have successfully been used to polymerize styrene, acrylates and methacrylates. Besides, allyl halides [3] have been used as initiators for ATRP to obtain polymers with an allyl end group. The allyl group is an available functional group because it can easily be converted to other functional groups such as epoxy and hydroxyl groups [6] . Also, via hydrosilylation [10] of allyl end functional polymers, block and graft copolymers can be synthesized. Multifunctional initiators are other useful initiators of ATRP to produce functional polymers. They can be synthesized from compounds with multiple reactive sites that are efficiently transformed to initiating sites [6] . Hydroxyl containing compounds such as ethylene glycol are typical examples. Ethylene glycol can be reacted with 2-bromopropionyl bromide and converted to a difunctional initiator [11] . Moreover, the polymers produced by these initiators have narrow polydispersities, and their experimental molecular weights are similar to the theoretical values indicating good control of the polymerization [3, 11] .
In the past few years, imidazole-containing polymers have been widely prepared by living ionic polymerization, due to their attractive chemical properties and their potential use as basic compounds for electrically conducting materials (e.g., solid electrolytes) [12] . However, living ionic polymerization requires very strict reaction conditions, which makes it difficult to be performed, and the choice of monomers is quite limited. As discussed above, ATRP not only can provide polymers with controlled molecular weights and narrow polydispersities, but also can be performed using ordinary radical polymerization procedures for various monomers, avoiding the strict conditions needed for living ionic polymerization [3, 13] . Furthermore, functional polymers with low polydispersities and specific end groups can be obtained by using functional initiators in ATRP [6] .
Therefore, in our work, well-defined imidazole end-capped poly (n-butyl methacrylate)s (PnBMAs) were synthesized via ATRP using a new functional initiator containing imidazolium group (1-α-bromoisobutylimidazole, BrBI), and the properties of ATRP of n-butyl methacrylate (n-BMA) with this new initiator were investigated under the different conditions.
Result and discussion

Synthesis and characterization of the new initiator
As shown in Scheme 1, 1-α-bromoisobutylimidazole (BrBI) could be easily obtained with high yield (over 70%) via the reaction of imidazole with α-bromoisobutyryl bromide by referring to a similar procedure in literature [14, 15] . BrBI is a kind of Nheterocyclic compound containing alkyl bromide group, so it can be used for ATRP as initiator. The structure of the new initiator is checked using 1 H NMR and 13 C NMR spectra. In assigning the signals, the numbering used is as in Fig. 1 In the 1 H NMR spectrum of the initiator ( Fig. 1) , all the signals corresponding to the proposed structure were observed in CDCl 3 . The proton (number 1) on the imidazole ring appeared at 8.52ppm, while the protons (number 2 and 3) were observed at 7.76ppm and 7.07ppm, respectively. The methyl protons (number 4) were assigned at 2.1ppm. In the 13 C NMR spectrum of the initiator (Fig. 2 ), there were six signals consistent to the structure of the product and one signal (δ=77ppm) for CDCl 3 . The carbons on the imidazole ring were observed at 138.28ppm (number 1), 117.42ppm (number 2), and 130.20ppm (number 3), while all the methyl carbons (number 6) were observed at 31.72ppm. The carbon (number 4) on the group of C=O was assigned at 167.42ppm, and the one (number 5) attached to bromide appeared at 58.40ppm. Based on all these signals of 1 H and 13 C NMR spectra, the product was confirmed to be 1-α-bromoisobutylimidazole (BrBI) exactly.
Fig. 1.
1 H NMR spectrum of the new initiator in CDCl 3 at 300 K. Similarly to a typical living polymerization, the average molecular weight of the polymer made by a well controlled ATRP could be predetermined by the ratio of consumed monomer and the initiator, as calculated by Eq(1) or Eq(2) [13] . In addition, in the Eq(2), it could be easily thought that the average molecular weight increased linearly with monomer conversion because W 1 , W 2 , [M] 0 and [I] 0 were constant,and this kind of linear variation was shown in Fig. 3 (M n,th ) . In Fig 3, the measured molecular weight (M n ) increased linearly with the conversion, and matched the theoretical value calculated based on Eq. 2. Besides, Fig 3 also showed the molecular weight distributions of the polymers were low throughout the polymerization (1.1<PDI<1.3).
(DP n =degree of polymerization, W 1 =molecular weight of monomer, W 2 =molecular weight of initiator). In the kinetic aspect, the velocity of a typical ATRP reaction increased with the monomer and radical concentration, as predicted by Eq. 3 or Eq. 4 [3, 13] . Furthermore, in the Eq. 4, due to the radical concentration being constant throughout the polymerization, the plots of ln[M] 0 /[M] increased linearly versus reaction time [3] , and the experimental result (in Fig. 4 ) was very consistent to this theoretical linear variation.
[
With conventional ATRP technique, the chain extension [16] was carried out in IPA. The isolated bromine atom ended PnBMA from the above polymerization was employed as a macroinitiator, CuBr as a catalyst and 2, 2'-bpy as ligand. The polymerization temperature was kept at 35 0 C. From the GPC curves of PnBMA before and after chain extension in Fig. 5 , it could be easily observed that the increase in molecular weight was evidenced from PnBMA (M n =5100) to chain-extended PnBMA (M n =125000), and this result means that the macroinitiator (PnBMA) is a "living" polymer. Besides, the 1 H NMR spectrum of PnBMA (M n, GPC =8600) in Fig. 6 showed that imidazolium group had been introduced to the end of polymers. It was clear that the signals which appeared at 8.47ppm, 7.75ppm and 7.03ppm were consistent to the protons of the imidazole ring, and the other signals corresponded to the protons of other PnBMA moiety except one signal (δ=7.26 ppm)for CDCl 3 .
Therefore, all of the above results presented that ATRP of n-BMA had been carried out successfully with the new initiating system, and imidazole end-capped polymers with predictable molecular weight and narrow polydispersity (PDI<1.3) could be obtained by this method. Fig. 10 presents the results of conversion versus time for different monomers (methyl methacrylate, n-butyl methacrylate and styrene). One could see that this initiating system could succeed to initiate ATRP of MMA and n-BMA at low temperature, but for ATRP of styrene it needed high temperature. This phenomenon was explained on the basis that both the radical propagation rate constant and the atom transfer equilibrium constant increased with increasing temperature in the literature [17, [22] [23] [24] . Besides, the reactions proceeded at a faster rate at higher temperature presumably due to the better solubility of the catalyst. 
ATRP of different monomers with the new initiating system
Conclusions
A new N-heterocyclic initiator containing imidazolium group (BrBI) was synthesized and utilized in ATRP of n-BMA, MMA and St, with CuBr/2, 2'-bpy as the catalyst and IPA as the solvent. With this new initiating system, imidazole end-capped poly (methacrylate, styrene) with predetermined molecular weights and low polydispersities (1.1<PDI < 1.3) were obtained.
Experimental Part
Materials
Imidazole(99%,Shanghai Wulian Chemical Co.), α-bromoisobutyryl bromide (98%,Aldrich), 2,2'-bipyridine(bpy, Shanghai Xingao Reagent Co.,AR) and isopropyl alcohol (IPA, 99%,Shanghai Lingfeng Co.) were used as purchased. N-Butyl methacrylate (n-BMA), methyl methacrylate (MMA), and styrene (St) were purified by vacuum distillation. Tetrahydrofuran (THF, 99%, Shanghai Dongyi Reagent Co.) was distilled over sodium. CuBr was prepared according to the published procedure [25] .
Synthesis of initiator (1-α-bromoisobutylimidazole, BrBI)
A 100mL of three-neck flask with a magnetic stirrer was purged with nitrogen for 10min, dry THF (30mL) was added, and the flask was cooled to 0 0 C using ice/water bath. α-Bromoisobutyryl bromide (4.95mL, 40mmol) was then added quickly via a syringe. Then the solution of imidazole (5.44g, 80mmol, 30mL THF) was added slowly in 30 minutes and a white precipitate formed immediately. After imidazole was added completely, the reaction mixture was allowed to warm to room temperature over approximately 2 h. The reaction mixture was filtered to remove the white precipitate, and the solvent THF was removed under vacuum. Finally, the resulting liquid was extracted with petroleum ether and the extract cooled to give white crystals (6.03g, 70% 
Polymerization of n-BMA via ATRP
The general procedure for the polymerization was as follows: To a dry glass tube, 8.1mg of CuBr, 0.9 mL of n-BMA, 17.6 mg of 2, 2'-bipyridine, 15 mg of initiator (BrBI) and 2 mL of IPA were added. The mixture was degassed by three freeze-pump-thaw cycles and sealed under vacuum. The tube was placed in a water bath at a constant temperature maintained by a thermostat. After the required time, the tube was placed into an ice bath to stop the reaction. The reaction mixture was diluted with 2 mLof acetone, and added dropwise into 40 mL methanol. After filtration and washing with methanol (3×10mL), PnBMA was obtained. The polymer was dried under vacuum until the weight was constant.
Chain extension
To a polymerization tube, 36.1 mg of PnBMA from the above reaction as a macroinitiator, 8.1 mg of CuBr, 17.6 mg of 2,2'-bpy, 0.9 mL of n-BMA, and 2 mL of IPA were added. After three freeze-pump-thaw cycles, the tube was sealed under vacuum and placed into a water bath at a constant temperature. After a required time, the reaction mixture was diluted with 2mL of acetone, and added dropwise into 40 mL of methanol. After filtration, washing with methanol (3×10mL), and drying under vacuum, the chain-extended PnBMA was obtained.
Characterization
Both
1 H and 13 C NMR spectra of the initiator were recorded on a BRUKER DPX (500 MHz for 1 H and 125 MHz for 13 C) in CDCl 3 . IR spectrum of the initiator was recorded on a Nicolet NEXVS 670 spectrometer.
The monomer conversion was calculated from the weight of recovered polymer. Molecular weight (M n ) and molecular weight distribution (PDI) were analyzed by Waters 150C GPC instrument with a set of HR3+HR4 μ-Styragel columns. Samples were run in THF at 35 0 C; with a flow rate of 1.0 mL/min. Polystyrene standards were used for calibration. The M n of PnBMA was then calibrated based on Eq. 5 in the literature [4, [26] [27] 
